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ABSTRACT
We present ALMA observations of the 0.88 millimeter dust continuum, 13CO, and C18O J=3-2 line
emission of the circumbinary disk HD 142527 at a spatial resolution of ∼ 0.25′′. This system is
characterized by a large central cavity of roughly 120 AU in radius, and asymmetric dust and gas
emission. By comparing the observations with theoretical models, we find that the azimuthal variations
in gas and dust density reach a contrast of 54 for dust grains and 3.75 for CO molecules, with an
extreme gas-to-dust ratio of 1.7 on the dust crescent. We point out that caution is required in
interpreting continuum subtracted maps of the line emission as this process might result in removing
a large fraction of the line emission. Radially, we find that both the gas and dust surface densities
can be described by Gaussians, centered at the same disk radius, and with gas profiles wider than
for the dust. These results strongly support a scenario in which millimeter dust grains are radially
and azimuthally trapped toward the center of a gas pressure bump. Finally, our observations reveal
a compact source of continuum and CO emission inside the dust depleted cavity at ∼ 50 AU from
the primary star. The kinematics of the CO emission from this region is different from that expected
from material in Keplerian rotation around the binary system, and might instead trace a compact
disk around a third companion. Higher angular resolution observations are required to investigate the
nature of this source.
1. INTRODUCTION
Planets are thought to form in a few million years
in dusty and gaseous disks found around pre-main se-
quence stars (Haisch et al. 2001). Starting from mi-
cron size, dust grains are expected to coagulate to mil-
limeter and centimeter sizes by Brownian motion, elec-
trostatic forces, and collisions at low relative velocities
(see, e.g., the review by Blum & Wurm 2008). Growth
to larger sizes faces more theoretical difficulties. First,
large grains are subject to fast radial migration towards
the star due to the friction with gas rotating at a slightly
sub-Keplerian velocity (Weidenschilling 1977; Nakagawa
et al. 1986). Secondly, pebbles are more prone to bounce
and fragment, instead of growing by collisions (Brauer et
al. 2008; Zsom et al. 2010). A solution is to invoke local-
ized gas pressure modulations that trap solids (Whipple
1972), permitting them to grow to much larger sizes (see,
also, Pinilla et al. 2012). In proximity of such “pressure
bumps”, the pressure gradient driving the drag force is
not directed towards the star, but towards the pressure
bump itself, therefore inverting the radial migration of
dust grains. As a consequence, pressure bumps are ex-
pected to trap dust particles and perhaps catalyze the
formation of planetesimals.
A particular class of disks called “millimeter-bright
transitional disks” are believed to present strong radial
pressure bumps which manifest themselves in the form
of dust annuli and dust depleted cavities of tens of AU
in radius. According to Andrews et al. (2011), such
disks represent more than 26% of the upper quartile
in millimeter luminosity of the disks. Several of these
disks have now been studied and resolved at millime-
ter wavelengths with the Sub-Millimeter Array (SMA)
(e.g. Brown et al. 2007; Isella et al. 2010; Andrews et al.
2011), the Combined Array for Research in Millimeter-
wave Astronomy(CARMA) (Isella et al. 2012, 2014), the
Plateau de Bure Interferometer (PdBI) (e.g. Pie´tu et al.
2006), and more recently with the Atacama Large Mil-
limeter and submillimeter Array (ALMA) (e.g. van der
Marel et al. 2013; Dutrey et al. 2014; Pe´rez et al. 2014;
Casassus et al. 2015; Zhang et al. 2014). Observations
have shown that while millimeter grains in the central
cavity are depleted by a factor > 100-1000, the molec-
ular gas is reduced by a much smaller factor (van der
Marel et al. 2015). This result supports the idea that
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2millimeter grains are trapped at a large distance from
the star while gas flows toward, and eventually accretes
onto, the central star. The large size of the observed
structures suggests that they might form from the grav-
itational interaction between the circumstellar disk and
stellar or planetary mass companions (Zhu et al. 2011;
Dodson-Robinson & Salyk 2011; Fung et al. 2014). This
interaction is indeed expected to create an annular pres-
sure bump outside the orbit of the companion capable
of trapping dust particles (Pinilla et al. 2012).
Observations at radio wavelengths also revealed horse-
shoe asymmetries in dust density in several of these
objects (van der Marel et al. 2013; Fukagawa et al.
2013; Pe´rez et al. 2014). The current interpretation is
that these structures probe dust particles azimuthally
trapped by large anticyclonic vortices (Barge & Somme-
ria 1995; Zhu & Stone 2014). As for the radial trap, at
the typical densities of protoplanetary disks, millimeter
grains are the particles most efficiently trapped by these
structures. Anticyclonic vortices are predicted to orig-
inate from Rossby-wave instabilities excited by sharp
density gradient at the outer edge of gas gaps opened by
companions (Lovelace et al. 1999), or changes in viscos-
ity (Rega´ly et al. 2012; Lyra et al. 2015). More recently,
Owen & Kollmeier (2016) also proposed that baroclinic
instabilities could create long lived vortices.
Two transitional disks were intensely studied for their
remarkable properties: Oph IRS 48 for its highest az-
imuthal contrast in dust flux density (≤ 130) (van der
Marel et al. 2013), and HD 142527 for having the second
highest density contrast (∼ 20) and a very large radius
allowing study of the disk with great detail. In this work,
we present recent ALMA observations of HD 142527
which reveal new details of the dust and gas emission
and kinematics. HD 142527 is a 2-5 Myr binary system
(Fukagawa et al. 2006; Lacour et al. 2016) at a distance
of 156 pc ± 7.5 pc1. The primary star is an Herbig
FeIIIe star with a mass of 2.4 M (Verhoeff et al. 2011)
which is accreting material at the rate of about 10−7 M
yr−1 (Garcia Lopez et al. 2006; Mendigut´ıa et al. 2014).
The secondary star has a mass between 0.1-0.3 M, an
orbital radius between 15-20 AU, and a mass accretion
rate of ∼ 6× 10−10M yr−1 (Biller et al. 2012; Close et
al. 2014; Lacour et al. 2016). The binary system is at
the center of a large elliptical dust cavity of about 120
AU in radius and of an asymmetric disk with a dense
dust crescent on the north side (Ohashi 2008; Casassus
et al. 2015). In infrared, dust is visible up to an orbital
radius of 300 AU and traces several spiral arcs (Casassus
et al. 2012; Canovas et al. 2013; Fukagawa et al. 2006;
1 This distance is based on the stellar parallax measured by the
Gaia space telescope (Gaia Collaboration et al. 2016a,b)
Rodigas et al. 2014). In addition to the circumbinary
disks, the primary star appears to be surrounded by a
much smaller dusty disk (Marino et al. 2015). From the
morphology of the near-infrared scattered light emission,
more precisely from the detection of two azimuthal min-
ima in the intensity interpreted as shadows casted by an
inner disk, Marino et al. (2015) were able to deduce that
the circumprimary disk has an inclination differing by
70 degrees with respect the circumbinary disk.
We imaged HD 142527 in the 0.88 mm dust continuum
emission as well as in the 13CO and C18O J=3-2 lines at
a spatial resolution of about 30-40 AU, about a factor of
two better than previous observations (Fukagawa et al.
2013). These observations reveal the morphology of the
gas and dust distribution and enable us to constrain the
temperature and kinematics of the disk. They also re-
veal dust and gas emission arising from a compact source
locate inside the dust depleted cavity, at a separation of
about 50 AU from the primary star. The observations
and the data reduction are presented in Section 2, while
the morphology of the gas and dust emission is presented
in Section 3. In section 4, we constrain the radial dis-
tribution of dust and gas by comparing the observations
to theoretical disk models. In section 5, we discuss our
results in the framework of the dust trapping model. A
summary of our findings is presented in section 6.
2. OBSERVATIONS AND DATA REDUCTION
We obtained ALMA cycle 1 data of the HD 142527
system as part of the project 2012.1.00725.S. The obser-
vations were carried on 2015 June 13th in dual polariza-
tion with a total time of ∼ 2.9 hours and ∼ 1.1 hour on
target, using 37 antennas on projected baselines between
35 and 770 meters. Our data contain 4 GHz bandwidth
in continuum in the frequency range ∼ 340-344 GHz
with channel width of 15.625 MHz. We also observed
the two emission lines 13CO J = 3-2 and C18O J = 3-
2, with rest frequencies 330.58797 GHz and 329.33055
GHz respectively, in two different spectral windows of
234 MHz bandwidth and channel width of 130 kHz af-
ter Hanning smoothing (∼ 0.11 km s−1).
The bandpass was calibrated by observing J1427-4206,
the flux calibration was obtained by observing Titan,
and the phase calibration was obtained by observing
J1604-4441 about every 8 minutes. The data were cali-
brated using the ALMA pipeline with the version 4.3.1
of CASA. We self-calibrated the visibilities for the sci-
entific source by using an interval time of 30 seconds for
the phases and equal to the lengths of the scan (∼ 5
minutes) for the amplitude. The image deconvolution
was performed using multi-scale cleaning with scale fac-
tors of 0, 6, 18 times the pixel size (0.04 ′′). The self-
calibration improved the peak signal-to-noise by a factor
of∼ 4 in the continuum. Finally, we applied the complex
3gains derived from the continuum to the emission lines
and subtracted the continuum with the task uvcontsub.
The final map of the continuum was generated us-
ing a Briggs factor of -2 which delivers a beam size of
0.21′′×0.26′′ (PA = -59◦), or 32.8 AU × 40.6 AU as-
suming a distance of 156 pc for the system. The peak
intensity is 0.132 Jy beam−1, and the rms is 115 µJy
beam−1, giving a peak signal-to-noise ratio of ∼ 1150.
For the lines, we used a Briggs factor of 0.5 which gives
an angular resolution of 0.27′′×0.31′′ (PA = -62◦), or
42.1 AU × 48.4 AU, and an rms noise of 5.9 and 7.5 mJy
beam−1 per channel for 13CO J=3-2 and C18O J=3-2,
respectively.
3. RESULTS
3.1. Disk morphology
3.1.1. Dust emission
The map of the 342 GHz (λ = 0.88 mm) dust ther-
mal emission is shown on Figure 1. It unveils a large
eccentric crescent extending radially up to ∼ 300 AU
as previously observed by Fukagawa et al. (2013) and
Casassus et al. (2015). The total flux density is about
3.31 Jy and is dominated by the emission coming from
the northern side of the disk.
The morphology of the dust crescent can be described
by drawing the crest for the dust emission, defined as the
line that connects the peaks of the flux density measured
as a function of the position angle (black dashed line on
right panel). The radius of the crest is calculated by as-
suming that the center of the disk is pinpointed by the
compact source detected inside the dust cavity, which
is coincident with the Herbig star position and with the
center of rotation of the disk (see section 3.2). The crest
has a maximum of ∼ 132 mJy beam−1 at a Position An-
gle (PA) of 30◦ and a minimum of ∼ 6 mJy beam−1 at
PA = 220◦ resulting in a flux density contrast of 22 be-
tween the northern and southern side of the disk and
a peak-to-noise ratio in the image of 1150. The radial
position of the azimuthal maximum is 165 AU while the
radial position of the azimuthal minimum is 205 AU.
Along the azimuthal direction that intersect the mini-
mum and maximum of the crest, the radial profile of the
continuum emission is in first approximation a Gaussian
with a width of 60-80 AU. The radial profile of the dust
emission is discussed in more details in Section 4.2. The
inner and outer radius of the circumbinary dust emis-
sion is measured based on the 5σ intensity contours (red
solid lines in the top-right panel). The inner edge varies
with the azimuth and is located between 80 AU and 155
AU. The radius of the outer edge also depends on the
azimuth and varies between 250 AU and 300 AU.
In first approximation, the shape of the crest can be
described by an ellipse characterized by a major axis of
185 AU, an eccentricity of 0.11, and a position angle
of the major axis of 205◦. Using the same PA for the
major axis of the ellipse, the best fit gives a semi-major
axis of 120 AU along with an eccentricity of 0.29 for
the inner edge and a semi-major axis of 300 AU and an
eccentricity of 0.050 for the outer edge. The eccentricity
in the outer disk then decreases with the distance to the
central stars. The periapsis and apoapsis position angle
of the cavity, crest and outer edge are the same and are
aligned with the dust peak emission on the dust crescent
and with the dust minimum on the south-east side of
the disk. As shown on the bottom panel of Figure 1,
the crest also has two local minima of 97.2 mJy beam−1
and 7.8 mJy beam−1 at PA = 340◦ and PA = 180◦
respectively. These local minima are also visible in the
CO moment 0 maps discussed in the next section 3.1.2.
The observations also reveal a source of compact emis-
sion inside the dust cavity with a peak flux density of 4.1
mJy beam−1. Its position corresponds to the center of
rotation of the disk as measured by the CO observations
discussed in section 3.2. The emission is unresolved at
the angular resolution of our observations implying a
radial extent less than 30 AU in diameter. A flux den-
sity of 80 µJy beam−1 was detected at 34 GHz at the
same position by Casassus et al. (2015). At these fre-
quencies, the signal might be contaminated by free-free
emission. In order to estimate the amount of possible
free-free emission in our ALMA data, we assume the
emission observed at 34 GHz is entirely free-free and
has a spectral index α (Iν ∝ να) equal to 0.4, being this
value the steepest index predicted by theoretical models
(see, e.g., Panagia & Felli 1975). Under these assump-
tion, we predict a maximum flux density for free-free
emission of 0.2 mJy beam−1 at 342 GHz. This value
is 20 times less than that measured, implying therefore
that the central continuum emission must come mostly
from dust grains.
The brightness temperature of the central continuum
emission is 5.3 K. This is much less than the physical
dust temperature which is expected to be ∼ 1000-100
K in the range 0.5-10 AU. This suggests that the emis-
sion is either optically thin or it comes from an optically
thick region much smaller than the synthesized beam.
In order to have an idea of the extent of the inner disk,
we performed a simple model assuming that the disk is
optically thick, with an inclination of 70 degrees (Marino
et al. 2015), and that the surface density scales with the
radius as r−1 and Σ(1 AU) = 3 g cm−2. We calcu-
lated the temperature and emission at 342 GHz using
the radiative code RADMC-3D (Dullemond 2012). The
method and the dust properties are detailed in section
4.2. We found that a disk with a radius of 2-3 AU re-
produces the observed flux. If the inner disk is instead
coplanar with the outer disk (i. e. with an inclination
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Figure 1. Top left: Map of the dust continuum emission recorded at a frequency of 342 GHz. The FWHM of the synthesized
beam is 0.21′′×0.26′′and is indicated by the white ellipse. Top right: Dust emission as a function of the orbital radius and of the
position angle (PA) measured from the North to the East. The orbital radius has been calculated by assuming a disk distance
of 156 pc and an inclination of 27◦. The dashed line indicates the disk crest, defined as the line that connects the peaks of
the emission measured at each position angle. The red lines indicates the 5 σ intensity contours, corresponding to 0.57 mJy
beam−1. Bottom: Peak emission on the crest as a function of the PA.
of 27◦), its outer radius would be about 1 AU. These
disk sizes are in agreement, or smaller for the coplanar
case, with the tidal truncation expected by the observed
companion at ∼ 13 AU (Papaloizou & Pringle 1977).
Finally, the continuum map reveals a faint compact
source located at about 50 AU north of the center (PA
∼ 5◦). The flux density of this source, which is labeled
in the Figure with the letter c, is 0.80 mJy beam−1, or
6.9 times the noise level. Its brightness temperature is
3.5 K, suggesting either a very small source or optically
thin emission. At such distances from the star, the tem-
perature due to stellar irradiation can be estimated to
∼ 100 K and the observed flux would be consistent with
an optically thick clump of dust of about 1.6 AU in size.
If the emission is optically thin and the dust opacity
is 2.9 cm2 g−1 as in Muto et al. (2015), the measured
flux density corresponds to a mass of ∼ 1.5×1024 kg,
or about a quarter of the Earth mass. Despite the low
signal-to-noise ratio of the continuum emission, the ob-
servations suggest that source c corresponds to a real
structure in dust and gas. First, source c is detected
with a signal-to-noise of 6.9 while the second brightest
peak emission inside the cavity has a signal-to-noise ra-
tio of 3.5. Furthermore, the rms noise inside the cavity is
the same as the noise in the outer parts of the map (130
µJy beam−1 instead of 115 µJy beam−1). Additionally,
we verified that no negative components at the position
of source c exist in the map of the residual obtained at
the end of the deconvolution process. This suggests that
source c is not a result of over-cleaning the dirty map.
Finally, we have detected gas in non-Keplerian rotation
at the position of source c in the 13CO map (see Fig-
ure 7). Deeper ALMA observations at higher angular
resolution are required to assess the nature of source c.
5No dust emission is detected somewhere else in the
cavity, even adopting natural weighting for the imag-
ing which delivers a sensitivity of 65 µJy beam−1 and a
beam of 0.36′′ × 0.31′′. Using this weighting, the peak
emission on the dust crescent is ∼ 240 mJy beam−1.
Considering we do not detect dust emission in the cav-
ity above 3 σ (195 µJy beam−1), the dust emission at
millimeter wavelength has then dropped by a factor >
1200 from the peak.
3.1.2. CO integrated emission
Figure 2 displays spectrally integrated (Moment 0)
maps of the 13CO J=3-2 and C18O J=3-2 line emission,
obtained after subtracting the dust continuum emission.
The rms noise on these maps is 7.2 Jy beam−1 km s−1
for 13CO J=3-2 and 7.8 Jy beam−1 km s−1 for C18O
J=3-2.
The 13CO and C18O emission extends to about 400
AU and 300 AU from the center, respectively. By com-
parison, the outer radius of the dust emission is about
300 AU, similar to C18O. In general, the azimuthal
structure of the CO integrated emission differs substan-
tially from that observed in the dust continuum. The
CO emission is more azimuthally symmetric than the
dust with only azimuthal variations by a factor of 1.5
for 13CO J=3-2 and 1.4 for C18O J=3-2. The maximum
is located at PA = 0-30◦ while the minimum is at PA ∼
165◦.
Furthermore, a few structures are visible. First, the
CO emission presents an apparent decrement at a dis-
tance of 170-220 AU from the star, on the north of the
disk, corresponding with the continuum crescent. The
interpretation of this feature is discussed in Section 4.1.
Second, there are two local minima visible in both 13CO
and C18O integrated maps, on the south side at PA =
130◦-190◦ and, more faintly, on the north side at PA
∼ 330◦. They are at the same PA than the secondary
minima observed in the dust emission, which was also
previously seen in IR (Avenhaus et al. 2014). The lo-
cal decrease is more pronounced in 13CO, the most op-
tically thick molecule, and suggests that the decrease
is in temperature and affects predominantly the upper
layers which are more sensitive to changes in stellar ir-
radiation. This result supports the hypothesis of shad-
ows cast by the inner circumprimary disk (Marino et al.
2015). Third, in the PA range 200-250◦ the radial pro-
file of the 13CO emission shows two peaks at about 115
AU and 200 AU from the star. This is characterized by
the abrupt change of the crest radial position at PA =
230◦, visible on the top-right panel of Figure 2.
Both the 13CO and C18O maps are characterized by
much smaller central cavities than the cavity observed
in the continuum. In C18O, the 3 σ contours indicates
a cavity almost circular with radius between 60 and 70
AU. In 13CO, the cavity size varies with the position
angle and measures ∼ 15 AU at PA = 75◦ and 35 AU at
PA = 250◦. The minimum and maximum radius of the
cavity in 13CO, dust, and, at a smaller degree, C18O,
are along the same azimuthal direction. As discussed
in Section 5.1, this might suggest a common origin for
their elliptical shape.
3.1.3. CO peak emission
Figure 3 shows maps of the 13CO and C18O peak emis-
sion. The main advantage of using the peak intensity is
that it probes the most optically thick part of the line
emission and constrains the gas temperature if the line
center is optically thick. The figure shows the line in-
tensity in units of brightness temperature defined as the
temperature of a black body covering the area of the
synthesized beam and emitting the observed flux den-
sity. For the conversion of Jy beam−1 to Kelvin, we
used the inverse of the Planck function:
T =
hν
k
1
ln
(
2hν3
FΩc2 + 1
) (1)
with h the Planck Constant, k the Boltzmann Constant,
the frequency ν, the flux density F, and Ω the beam solid
angle defined by (piθmaxθmin)/(4ln(2)) where θmax and
θmin are the major and minor FWHM of the synthesized
beam.
In the left column of Figure 3, we display the 13CO
and C18O peak emission calculated after subtracting the
continuum emission. They present a brightness temper-
ature decrease at the position of the continuum crescent
which is more pronounced than in the integrated inten-
sity maps. Taken at face value, this might suggest a
local decrease in either line optical depth or gas temper-
ature. On the right column of the figure, we show bright-
ness temperature maps obtained without subtracting
the continuum. As expected, the brightness tempera-
ture increases to account for the extra emission previ-
ously attributed to the continuum, and the decrement
observed at the position of the continuum crescent dis-
appears. In Section 4.1, we claim that a peak intensity
map obtained without subtracting the continuum emis-
sion is the best probe of the physical temperature of the
gas if the emission at the line center is optically thick,
as in the case of the 13CO J=3-2 emission in the outer
disk of HD 142527 (Muto et al. 2015). The map shown
in the top-right panel of Figure 3 therefore unveils the
thermal structure of the 13CO J=3-2 emitting layer.
Figure 4 compares the peak emission coming from the
crest of the two molecules with the dust continuum. The
peak emission of the molecules is warmer than the dust
emission with differences between dust and 13CO J=3-2
of ∼ 20 K on the dust crescent and 40 K on the opposite
side. The horseshoe structure is more pronounced in the
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Figure 2. Top left: 13CO J=3-2 integrated intensity (Moment 0) map. The FWHM of the synthesized beam is 0.27′′×0.31′′and
is indicated by the white ellipse. The contours correspond to 25, 50 and 75 % of the maximum emission. Top right: 13CO J=3-2
integrated intensity in function of radius and PA. The dashed line represents the 13CO crest position in the disk. The red lines
indicate the 3 σ contours with σ = 7.2 mJy beam−1 km s−1 for 13CO and 7.8 mJy beam−1 km s−1 for C13O. Bottom panels:
Same as on the top but for C18O J=3-2.
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Figure 3. Peak emission maps in units of the brightness temperature for the 13CO (top) and C18O J=3-2 (bottom) line emission.
The left and right panels show respectively maps with and without dust continuum subtraction. The contours are plotted at
10, 20, 30, 40 and 50 K.
8dust with brightness temperature varying between 30 K
on the dust crescent to 5 K on the opposite side but is
also visible in C18O, with temperature varying from 47
K to 31 K.
The 13CO emission, more azimuthally symmetric, has
a maximum brightness temperature of 54 K on the
north-east part of the disk. In general, the eastern side
of the disk is warmer than the western side, which is
consistent with the east-west asymmetry observed in the
mid-infrared thermal emission by Fujiwara et al. (2006).
The temperature difference probably comes from the
disk inclination as the inner wall of the outer ring on the
east side is exposed to the observer at a more face-on
inclination. Also, the 13CO peak emission map shows a
local minimum at PA = 130◦-180◦ with a local decrease
of ∼ 10 K, corresponding to the larger azimuthal mini-
mum observed in the integrated map, and due probably
to the inner disk shadow. We nevertheless do not see
clearly this feature in C18O or on the opposite side of
the disk as in the integrated maps.
The bottom panel of Figure 4 shows the radial posi-
tion of the crests, which are located at smaller radii for
the CO molecules than for the dust. 13CO, the most op-
tically thick molecule, generally has its crest at smaller
radii than C18O. This suggests that the gas density at
the cavity edge increases with radius on a spatial scale
resolved by our observations. The smaller radius of the
13CO crest is then a result of the larger optical depth
of this line. This is particularly visible at PA = 0◦-
160◦ and 250◦-360◦. Vice versa, at the azimuthal angles
between 160◦ and 250◦, the 13CO and C18O crests are
at the same distance from the star. As we will discuss
later, in this region the emission of the lines are mostly
optically thin and the crest likely indicates the peak of
the gas surface density, instead of the transition between
the optically thin and optically thick regions.
Finally, the 13CO map in Figure 3 reveals a spiral
structure starting form the west (at ∼ 2′′) and propagat-
ing to the north of the disk up to 2.5′′. This structure is
consistent with the S1 spiral arm observed with ALMA
in the 12CO J=3-2 and J=2-1 lines by Christiaens et al.
(2014). This spiral was also observed in near-infrared H
and K bands, implying that it entrains both molecular
gas and small grains (see also Avenhaus et al. 2014).
3.2. Disk dynamic
Maps of the velocity centroid of the 13CO and C18O
emission (moment I) are displayed on the top panels
of Figure 5. They were calculated by excluding pixels
with emission below 5 σ after subtracting the continuum
emission. The rotation pattern of the disk is clearly
visible. The north part of the disk moves toward us
while the southern part moves away from us. From these
maps, we measure a systemic velocity of 3.75 ± 0.05 km
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s−1 with the uncertainty given by half the size of the
spectral bin, and a position angle of -19 ± 1◦ for the
major axis of the disk.
Figure 6 shows the Position-Velocity diagram along
the major axis calculated from the 13CO line. We find
that the rotation pattern is compatible with Keplerian
rotation around a stellar mass of 2.4 M and a disk in-
clination of about 27◦. The value of the stellar mass is
in agreement with Verhoeff et al. (2011), given the new
distance of 156 pc measured by Gaia (Gaia Collabora-
tion et al. 2016a,b). The disk inclination is in agreement
with Fukagawa et al. (2013) and Perez et al. (2015). The
center of rotation derived from the moment I map and
Position-Velocity diagram is located at the same posi-
tion than the central continuum source discussed in the
previous section. It is indicated by a black cross in the
moment I map of 13CO and C18O. The uncertainty on
the position of the center of rotation is 0.05′′.
The bottom panels of Figure 5 show maps of the ve-
locity dispersion of the 13CO and C18O J = 3-2 lines
(moment II). The velocity dispersion decreases with the
distance from the star as expected for an inclined Kep-
lerian disk, and it is larger for the 13CO line, probably
due to its higher opacity, which allows better detection
of the line wings. The velocity dispersion measured in
the 13CO line is lower than 0.65 km s−1 across the entire
disk with the exception of a small region at 0.3′′ north
and 0.1′′east of the center, where it reaches 1 km s−1.
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Figure 5. Top: Maps of the velocity centroid for the 13CO and C18O J=3-2 lines plotted between 0.8 to 6.5 kms−1. Contours
start from 1.75 km s−1 and are spaced by 0.5 kms−1. The systemic velocity is 3.75 km s−1. Bottom: map of the velocity
dispersion plotted between 0 to 0.65 km s−1. As a reference, contours have been drawn at 0.2, 0.4 and 0.6 km s−1.
This region coincides with the faint compact continuum
source discussed above (source c). It is also in this region
that Casassus et al. (2013) claimed to have observed gas
streamers in HCO+.
A 13CO J=3-2 line spectrum extracted from the region
of large velocity dispersion is shown on the top panel of
Figure 7. The spectrum presents a large shoulder in
the velocity range -1.150 km s−1 to 0.3 km s−1. The
integrated intensity map of the line emission in this ve-
locity range is displayed on the bottom panel of Figure
7. Due to its association with the local dust continuum
emission c, we argue that this emission might arise from
a planetary disk or streamers accreted through a giant
planet.
4. ANALYSIS
4.1. On the anti-correlation between dust and
molecular line emission
A decrease in the molecular line intensity from the disk
region corresponding to the dust continuum crescent has
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Figure 6. Position-Velocity diagram of 13CO J = 3-2 along
the major axis (with PA = -19◦). The vertical dotted line
represents the systemic velocity at 3.75 km s−1 and the hor-
izontal dotted line the zero distance to the minor axis. The
white dashed lines show the Keplerian velocity for a star of
2.4 solar masses and a disk inclination of 27◦. Contours are
multiples of 5 of the noise level (i.e. 5.9 mJy beam−1).
been observed in several tracers including 12CO J=2-1,
13CO J=3-2, C18O J=3-2, HCN J=4-3, CS J=7-6 (Perez
et al. 2015; van der Plas et al. 2014). A similar anticor-
relation between dust and gas emission was found in
other disks characterized by continuum crescents, such
as, for example, IRS 48 (Bruderer et al. 2014). Casassus
et al. (2015) detected a concentration of cm-size grains
within the HD 142527 crescent and suggested that the
decrease in CO emission might result from a depletion
of CO molecules, caused by freeze-out onto these large
and cold grains. However, our observations suggest a
gas temperature of about 40 K in this region, which is a
factor of 2 higher than the CO freeze-out temperature.
Alternatively, Muto et al. (2015) modeled the CO ob-
servations of the disk around HD 142527 and found that
the observed decrease in CO intensity might be due to
the absorption of the molecular line by the optically
thick dust, and therefore does not trace a region of low
CO density. We argue that this cannot be the main
reason for strongly optically thick molecules as 12CO,
13CO and probably C18O because the optical depth of
the lines are very large compared to the optical depth of
the continuum. Indeed, assuming fractional abundances
of 6×10−5, 9×10−7 and 1.35×10−7 for CO, 13CO and
Figure 7. Top panel: Spectra of the emission correspond-
ing to the disk region characterized by the highest velocity
dispersion. The spectrum is extracted at the position 0.03′′-
0.3′′, using an ellipse with an area three times larger than
the beam size. The two vertical red lines show the interval
in velocities used to calculate the integrated emission map
coming from the shoulder of the spectrum. bottom panel:
Map of the integrated emission covering the velocity range
between -1.150 and 0.300 km s−1, covering 14 channels. The
black contours are the 3 and 5 σ contours levels with σ =
2.97 mJy beam−1 km s−1. The white line is the 5 σ contour
of the dust emission with σ = 115 µJy beam−1.
C18O respectively (Qi et al. 2011), a gas-to-dust ratio of
100, a typical dust opacity of 2.9 cm2 g−1 at the lines
frequencies, and a gas temperature of 40 K, we calculate
that the emission at the center of the 12CO, 13CO and
C18O J=3-2 lines is about 1.1×104, 170 and 25 times
more optically thick than the dust, respectively. There-
fore, the absorption of the line emission by the dust at
the lines center is negligible.
We propose instead that the anti-correlation between
dust and gas emission is an artifact resulting from the
technique used to calculate and subtract the dust contin-
uum contribution from the original CO+dust maps. The
continuum emission is usually estimated by performing
a linear extrapolation of its emission in line-free chan-
nels. However, when the continuum is absorbed by the
molecule at the line frequency, this leads to overestimate
the dust contribution and then underestimating the line
emission. This effect is important if the line emission
11
is optically thick (such that it absorbs the continuum)
and comparable in intensity to the line-free continuum
emission (such that the effect of the subtraction is the
greatest). In practice, we argue that the continuum-
subtracted observations of dense environments might
significantly underestimate line emission.
To quantitatively explain how this process works,
we show in Figure 8 examples spectra of the dust,
13CO J=3-2 and C18O J=3-2 emission calculated for
local conditions encountered in the dust crescent in the
HD 142527 disk. We calculate the spectrum of the con-
tinuum outside and inside the line, assuming a verti-
cally isothermal slab of gas at a temperature of 40 K,
which corresponds to the brightness temperature at the
dust crescent derived from the dust+13CO peak emis-
sion map. Dust and gas are well mixed and the slab
is seen face on. The continuum emission at the line
frequencies, shown in blue dashed lines, is largely ab-
sorbed by CO molecules. In this case, a linear fit of the
continuum based on the level measured in the line-free
channels, represented by the horizontal black lines, is
not adequate and will lead to an underestimate of the
CO emission. This effect is the strongest at the center
of the line, where the line opacity is the highest. This
explains why the reduction in CO intensity is larger in
the peak emission maps than in the integrated emission
maps.
In order to reproduce the observed peak emission of
13CO and C18O, we had to adopt a gas-to-dust ratio of
4. This is a very small ratio compared to the standard
value of 100 and might result from the high dust con-
centration. This corresponds to a dust surface density
of 0.34 g cm−2 and a gas density of 1.4 g cm−2. The
optical depths are 0.94, 6.5 and 0.97 for the dust, 13CO
and C18O J= 3-2, respectively. C18O and the dust have
similar optical depths and we observe, on the right panel
of Figure 8, that the dust and C18O contributions to the
total emission are roughly equivalent. In this case, the
observed decrease of C18O emission at the position of
the dust crescent is due both to continuum subtraction
(which affect the the optically thick center of the line)
and to line absorption by the dust grains (which affects
the optically thin wings of the line). On the contrary,
the absorbed continuum emission at the center of the
13CO is very little and the observed decrement in 13CO
can be explained as the result of the continuum subtrac-
tion process. A more precise calculation of the gas and
dust structure including a realistic vertical temperature
profile is presented in Section 4.2.
In conclusion, we argue that the incorrect evaluation
and subtraction of continuum emission is the main cause
of the apparent anti-correlation between dust and 13CO
emission observed in Figure 2 and also for 12CO in Pe´rez
et al. (2014). Nevertheless, for less abundant molecules
as C18O, the line absorption by the dust grain becomes
also important. The exact contribution of both pro-
cesses will depend on the dust and molecular relative
opacities as well as on their vertical distribution. In all
cases, strong effects will only be visible in regions where
dust and gas are optically thick. Direct interpretation
of the lines emission in areas with large dust opacities
must be done with caution.
4.2. Derivation of the gas and dust surface density
A detailed analysis of the structure of the disk around
HD 142527 must take into account the vertical gradient
of the temperature and uses radial profiles to describe
the gas and dust surface density. This can be obtained
by performing radiative transfer followed by ray tracing.
A global 3D analysis of the data is out of the scope of
this paper due to its complexity and large computational
time. Instead, we model the radial profiles of the dust
and gas peak and integrated emission measured along
the two azimuthal directions intersecting the maximum
(PA ∼ 21◦) and minimum (PA ∼ 221◦) of the dust con-
tinuum emission. A similar procedure was adopted in
modeling previous observations at an angular resolution
of ∼ 0.45′′ by Muto et al. (2015, hereafter M15).
4.2.1. Comparison with previous models
As a first step, we compare our observations with the
M15 model, rescaled to the distance of 156 pc, which is
defined as follow. The dust surface density is expressed
by a Gaussian law
Σd(r) = Σd,0 exp
[
−
(
r − rd
wd
)2]
. (2)
In the north direction, defined by position angles be-
tween 16◦ and 26◦, the dust surface density has Σd,0 =
0.6 g cm−2, rd = 193 AU and wd = 30 AU. In the south
direction, defined by position angles between 216◦ and
226◦, the dust surface density has Σd,0 = 8.45 × 10−3 g
cm−2, rd = 218 AU and wd = 38 AU.
The disk temperature is calculated with the radiative
code RADMC-3D (Dullemond 2012) assuming thermal
equilibrium. The stellar irradiation comes from the cen-
tral Herbig star of 2.4 solar masses, a luminosity of about
23 L and a surface temperature of 6250 K. In this anal-
ysis, we neglect the irradiation coming from the stellar
companion of ∼ 0.25 M. The dust and the gas have
the same vertical distribution, which is assumed to be
in hydrostatic equilibrium with the midplane tempera-
ture. A few iterations between the vertical distribution
and the disk temperature are needed to find a stable
solution.
The dust grain properties are chosen to have a dust
opacity of 2.9 g cm−2 at 0.88 mm, as in M15. This
value corresponds to the mean opacity of porous grains
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Figure 9. Radial cut along the north and south profiles at PA = 16◦-26◦and 216◦-226◦, respectively. Left: Dust emission.
Center: 13CO and C18O J=3-2 integrated emission. Right: 13CO and C18O J=3-2 peak emission. The observations are
represented with their error bars using red squares for 13CO and blue triangles for C18O. The dashed lines are the M15 models.
On the right panels, the black dot-dashed line indicates the temperature on the disk midplane given by the model.
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made of silicates (25.7%), carbon (18%) and water ice
(56.3%), with sizes a between 0.05 µm to 1 mm, and a
grain size distribution proportional to a−3.5. The obser-
vations are then simulated with RADMC-3D, perform-
ing ray-tracing on the disk with the same inclination and
position angle than HD 142527 and smoothed via CASA
at the same angular resolution than our observation.
The left panels of Figure 9 show the comparison be-
tween M15 dust model and our observations. Overall,
the model reproduces well the radial position of the peak
but underestimates the observed flux. Differently from
M15, we do not include dust scattering in calculating the
disk emission. We made this choice because millimeter-
wave dust scattering opacities strongly depend on the
composition and structure of (sub)-millimeter particles
which are largely uncertain (see Appendix A).
The gas surface density in M15 is parameterized using
a broken power law
Σg(r) =

fin σg(rc)
(
r
rc
)
(r < rc)
σg(r) (rc < r < rout)
fout σg(rout) (r > rout)
(3)
with σg(r) = σg,0
(
r
200AU
)−1
, rc the cavity radius, and
rout the outer edge of the dense disk. At these radii,
the gas surface density decreases sharply by a factor fin
and fout, respectively. Inside the cavity, for r < rc, the
surface density increases linearly with radius, while for
r > rout, the gas surface density is constant. The values
for the north profile are σg,0 = 0.94 g cm
−2, rc = 123
AU, rout = 279 AU, fin = 1./8. and fout = 0.01. On
the south profile, the values are σg,0 = 0.26 g cm
−2,
rc = 111 AU, rout = 279 AU, fin = 1./8. and fout =
0.1. The fractional abundances of 13CO and C18O are
9×10−7 and 1.35×10−7, respectively. Finally, as in M15,
the line profile is calculated accounting for the thermal
broadening and Keplerian rotation but does not include
any turbulence.
Figure 9 shows the comparison between the M15
model and our observations. Dust emission is shown on
the left panels, while the spectrally integrated and peak
CO emission are plotted on the central and right panels,
respectively. In the right panel, we also plot the profile
of the disk temperature in the disk midplane. As dis-
cussed below, the comparison between peak brightness
temperature and physical disk temperature provides a
rough idea of the optical depth for the CO line emis-
sion. In the north direction, the M15 model provides a
good fit for both the integrated emission and the peak
emission, even if the emission in the cavity is a little
overestimated. The model also correctly reproduces the
decrease in integrated line emission observed at the po-
sition of the dust crescent between 130 AU and 240 AU
from the star.
However, the M15 model fails to reproduce the ob-
servations along the south direction. In particular, it
under-predicts the radius of the peak of CO intensity.
In our observations, the highest peak is located at an
orbital radius of about 200 AU, while the model pre-
dicts the peak to be located at about 150 AU from the
star. Additionally, the integrated CO emission presents
a double peaked structure which is not captured by the
model.
4.2.2. Probing the dust trap hypothesis
Whereas the M15 model provides an acceptable fit to
our observations, at least along the north direction, the
assumed profile for the gas surface density (Equation 3)
is not physically motivated. In particular, it is unclear
why the dust and gas surface densities should have dif-
ferent shapes and what might be the origin of sharp
edges in the gas distribution at rc and rout. In this sec-
tion, we adopt a different approach and model the gas
and dust radial distributions using Gaussian functions
centered at the same radius rr and characterized by dif-
ferent widths. This parametrization mimics the effect
of the trapping of dust grains by a Gaussian gas sur-
face density profile peaking at rr (see, e.g., Pinilla et al.
2012). Indeed, dust trapping causes the dust distribu-
tion to be more peaked toward the gas density maxi-
mum. To add an additional degree of freedom, we allow
the width of Gaussian distribution for r < rr to be dif-
ferent from the width for r > rr. The dust distribution
is therefore defined by
Σd(r) =

Σd,0 exp
[
−
(
r−rr
wd,in
)2]
(r < rr)
Σd,0 exp
[
−
(
r−rr
wd,out
)2]
(r > rr)
(4)
The gas distribution is described by the same equation
but with different values Σg,0, wg,in and wg,out. Using
this parameterization for the gas and dust surface den-
sity, we repeat the calculation of the disk temperature
and continuum and line emission as discussed above.
However, differently from M15 model, we calculate the
line emission adding a constant turbulence velocity of
0.2 km s−1 across the disk.
In Figure 10, we present our best fit for the dust emis-
sion. The northern dust density profile has a maximum
density of 0.65 g cm−2 at rr = 185 AU. The inner width
is 28 AU while the outer width is 50 AU. The southern
profile has a maximum surface density of 0.012 g cm−2
at rr = 205 AU and inner and outer widths of 17 AU and
43 AU, respectively. This model provides a good fit to
the observations between 25-230 AU. Instead, the dust
distribution at larger distances seems to deviate from a
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Figure 10. As for Fig. 9 but only for the dust. For modeling the surface density, we use a Gaussian distribution with a different
value for the inner and the outer width.
simple Gaussian profile. Within 25 AU, the dust emis-
sion traces the compact source discussed above, which
is not included in our model.
The best fit model for the CO emission is shown in
Figure 11. Along the north direction, the gas surface
density is ∼ 1.1 g cm−2 at rr = 185 AU and has widths
of 60 AU and 85 AU inside and outside the peak, respec-
tively. On the south profile, the gas surface density is
0.24 g cm−2 at rr = 205 AU and the widths are 90 AU
for the inner side and 100 AU for the outer side. Along
the north direction, our model well reproduces all the
main features of the observations. However, there is
still a discrepancy on the south profile, where the model
fails in reproducing the secondary maximum on the inte-
grated emission and the shoulder on the peak emission.
The comparison between the physical disk tempera-
ture and the brightness temperature of the line emission
(see the right panel of Figure 11) indicates that both
lines are optically thin for r ≤ 200 AU, as the bright-
ness temperature of the emission is inferior to the disk
midplane temperature. The secondary local maximum
observed in the south profile at r = 115 AU might then
come from a local enhancement in the gas density. In
order to reproduce it, we added a second Gaussian in
the description of the gas surface density for the south
profile, such that the gas surface density is now defined
as
σg(r) = Σg(r) + Σ
′
g(r) (5)
where Σg(r) is as in Equation 4, and
Σ′g(r) = Σ
′
g,0 exp
[
−
(
r − r′r
w′g
)2]
. (6)
The best fit model is shown in Figure 12. The surface
Σ0 (g cm
−2) rr (AU) win (AU) wout (AU)
North (PA = 16′′-26′′)
Dust 0.65 ± 0.05 185 ± 2 28 ± 2 50 ± 2
Gas 1.125 ± 0.1 185 ± 2 60 ± 5 85 ± 5
South (PA = 216′′-226′′)
Dust 0.012 ± 0.001 205 ± 2 17 ± 2 43 ± 2
Gas 0.18 ± 0.02 115 ± 5 30 ± 5 30 ± 5
0.30 ± 0.02 205 ± 2 30 ± 5 100 ± 5
Table 1. Density prescription for the Gaussians describing
the dust and gas surface density. On the south profile, the
gas surface density is described by 2 Gaussians.
density Σg(r) has a maximum at rr = 205 AU, equal to
that of the dust surface density, with values of Σg,0 =
0.30 g cm−2, wg,in = 30 AU and wg,out = 100 AU.
The second Gaussian Σ′g(r) is centered at 115 AU, and
is characterized by Σ′g,0 = 0.18 g cm
−2 and w′g = 30
AU. This second Gaussian profile, while producing a
visible CO emission, does not have a counterpart in the
dust surface density. The summary of all the model
parameters is shown in Table 1 and the surface densities
in function of the radius in Figure 13.
In conclusion, our analysis indicates that radial distri-
bution of dust particles is well reproduced by asymmet-
ric Gaussians whose inner widths are 2-3 times smaller
than the outer widths. The density contrast between
the dust crescent and the south side at the maximum of
the dust surface density is ∼ 54. This is larger than the
flux density contrast of 22 measured in the continuum
and this is explained by the fact that the dust emission
along the north profile is optically thick with a max-
imum optical depth τd = 1.9 compared to an optical
depth of 0.035 on the south. The gas distribution is
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Figure 11. As for Fig. 9 but only for the gas. For modeling the surface density, we use a Gaussian distribution with a different
value for the inner and the outer width.
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Figure 12. As for Fig. 9 but only for the gas on the south profile. The gas surface density is now modeled by using 2 Gaussians
with different inner and outer widths.
more complex. The north profile is well reproduced by a
single asymmetric Gaussian centered at the same radius
of the dust density. However, the distribution along the
south is the sum of two Gaussian profiles separated by
90 AU. Similarly to the dust, the gas surface density is
the highest along the north direction. At the location of
the maxima, the ratio between the north and south gas
surface density is Σnorth0,g /Σ
south
0,g = 3.75, while the ratio
between the dust surface densities is Σnorth0,d /Σ
south
0,d =
54. Furthermore, the gas-to-dust ratio at r = rr is 1.7
on the north and about 25 on the south. Similarly to
the dust distribution, the inner widths for the gas distri-
bution are smaller than the outer widths. Finally, if we
assume that the north and south profiles are represen-
tative of the two sides of the disk, the total dust mass is
1.5×10−3 M and the total gas mass is 5.7×10−3 M.
The disk mass is therefore about 7.2×10−3 M, or ∼
0.3% of the mass of the binary system. The measured
gas-to-dust ratio is about 3-5 in the circumbinary disk,
largely inferior to the standard ratio of 100.
These results support the dust trapping scenario
where dust is located at the radial and azimuthal gas
pressure/density maximum. The differences between
the inner and outer widths suggest, in the context of
dust trapping, that the gas pressure gradient on the in-
ner side is larger compared to the outer side. As dis-
cussed in the next section, the gas pressure maximum
might originate from the interaction between the disk
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Figure 13. Gas and dust surface densities for the north and
south profile.
and the stellar companion, if in highly eccentric orbit,
or a giant planet orbiting inside the inner cavity, perhaps
located at the position of source c . Finally, the nature
of the double Gaussian profile along the south profile is
unclear. We argue that the innermost Gaussian might
be tracing the onset of a gas spiral. We note that this
feature is located next to the shadow cast by the warped
inner disk on the south side. Following Montesinos et
al. (2016), such a shadow may decrease the local gas
pressure and create trailing spirals.
5. DISCUSSION
5.1. Origin of the central cavity
HD 142527 system possesses a very large cavity with
a radius between 80 AU and 155 AU as measured from
the dust thermal emission. However, 13CO J = 3-2
and C18O J=3-2 lines emission is still visible in the
millimeter-continuum cavity down to a radius of ∼ 20
AU and 60 AU, respectively. Inside the dust cavity, we
measure that dust surface density is at least 1200 lower
compared to the value measured at the peak of the con-
tinuum emission (see section 3.1.1). However, it is worth
noting that ALMA observations mostly probe the distri-
bution of millimeter grains. These grains have a Stokes
number close to 1 and can be efficiently trapped in gas
pressure bumps. On the contrary, much smaller grains,
which only represent a small fraction of the dust mass,
are expected to be coupled to the gas and therefore be
accreted in larger amount down to a radius of at least
20 AU. This hypothesis is supported by the detection of
near-infrared scattered light emission in the dust cavity
down to an orbital radius of 70-80 AU (Avenhaus et al.
2014). We argue that this trapping process is the origin
of the difference between the spatial distribution of gas
and dust inside the cavity and also of the low gas-to-
dust ratio, of about 3-5, observed in the outer disk (see
also Zhu et al. 2012).
Given the binary nature of the HD 142527 system,
it is plausible that the observed gas cavity is created
by the gravitational interaction between the disk and
the low-mass stellar companion. Recent simulations by
Lacour et al. (2016) have shown that the companion is
probably orbiting on the inner disk plane, not coplanar
with the outer disk, with an eccentricity of about 0.6 not
sufficient to explain the dust cavity size. Furthermore,
this interaction should lead to the formation of a gas
density maximum very close to the cavity edge, i.e., be-
tween 40-60 AU. The measured location of the gas pres-
sure maximum (185-205 AU) is about 4-5 times larger
than predicted by the theory. In the case of eccentric
orbits, both the radius of the cavity and the location
of the gas density maximum are predicted to increase
with the eccentricity remaining however quite close one
to the other. The large ratio between the location of
the gas density maximum and the cavity radius remains
therefore an unsolved problem.
A way to reconcile theory and observations might be
to invoke the presence of other, yet unseen, low mass
companions orbiting between 13 AU and 180 AU. In
principle, by carefully choosing the number, mass, and
separation of these objects, it might be possible to ob-
tain a gas surface density profile slowly increasing be-
tween 20-185 AU as that inferred for the north side of
the disk (Figure 13; similar multi-planet models are dis-
cussed in Isella et al. 2013; Dodson-Robinson & Salyk
2011). One of such companion might be related to the
source c, the compact source of continuum and CO emis-
sion detected at a distance of 50 AU from the central
star (Figure 7). The deviation of Keplerian rotation, in-
ferred from the CO spectrum of source c, suggests that
the emission might arise from material orbiting around
a low mass companion. This is an intriguing possibil-
ity but observations at higher angular resolution and
sensitivity are required to investigate the nature of this
source and the presence of other compact objects in the
HD 142527 system.
Finally, the disk photo-evaporation process might also
be responsible for the opening of cavities in proto-
planetary disks. However, according to Owen et al.
(2011), this process can not produce dust cavities larger
than 20 AU with a relatively high accretion rate of about
10−7 M yr−1 as measured in HD 142527 (Garcia Lopez
et al. 2006; Mendigut´ıa et al. 2014). Also, this process
equally affects dust and gas distributions but 13CO and
C18O are still observed inside the dust cavity. Our ob-
servations appear therefore to disfavor this scenario as
the main cause for the observed disk morphology.
5.1.1. Origin of the lopsided disk
HD 142527 has a very lopsided disk characterized by
gas and dust surface density ratio of about 3.75 and 54,
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respectively, between the north and south side of the
disk (Table 1). The favored theory to produce such az-
imuthal asymmetries is the formation of a large vortex
capable of concentrating dust grains. In a first step,
small vortices can be triggered by the Rossby wave in-
stability (Lovelace et al. 1999; Li et al. 2000) caused
by radial variations in the gas density due to either a
companion or, for example, a steep radial variation of
the disk viscosity (Rega´ly et al. 2012). Vortex forma-
tion might also result from hydrodynamic instabilities
like the baroclinic instability (Owen & Kollmeier 2016,
see, e.g.,). Then, in a second step, they grow or merge
together to form larger vortices (Li et al. 2001), which
usually are limited to sizes of about one or two scale
heights.
Different works have recently focused on scenarios able
to generate a larger vortex with mode m = 1 surviv-
ing for a sufficiently long time (i. e. ∼ 1000 orbits)
to produce an azimuthal dust concentration similar to
those observed in HD 142527 and Oph IRS 48. Mit-
tal & Chiang (2015) proposed that a massive lopsided
disk could displace the center of mass of the star+disk
system creating an indirect force onto the gas particles
that increases the vortex dimension and life expectancy
(see also Zhu & Baruteau 2016, for a model where the
indirect force effect is reduced by the disk self-gravity).
This hypothesis appears to be ruled out by our obser-
vations which show that the center of mass, calculated
as the center of rotation of the disk, is located at the
same position of the central compact dust continuum
emission attributed to the circumprimary disk. In prac-
tice, our ALMA observations set an upper limit for the
displacement between the primary star and the center
of mass to about one tenth of the angular resolution of
the observations, i.e., about 0.03′′, or about 5 AU at
the distance of this system. Furthermore, contrary to
the model prediction, the central star is located closer
to the dust crescent (165 AU) compared to the opposite
side of the disk (180 AU). Therefore, the indirect force is
not the driving factor of the disk asymmetry, probably
due to the low disk mass, which is inferior to 1% the
mass of the central stars.
Large and long-lived vortices also require a low viscos-
ity (Fu et al. 2014), which can not be easily reconciled
with the relatively large mass accretion rate measured
for HD 142527. A possible solution has been recently
proposed by Zhu & Baruteau (2016). They studied the
case of a large vortex created by the interaction between
the disk and a 9 MJ planet using a global MHD simula-
tion. The vortex produces an azimuthal asymmetry of a
factor of a few in the gas density and necessitates low vis-
cosity corresponding to an equivalent Shakura-Sunyaev
parameter α < 10−3. Such a low viscosity is obtained
when ambipolar diffusion, the dominant non-ideal MHD
term at large radii (i.e. 10s of AU), is added in the
simulations as demonstrated in Zhu & Stone (2014).
Also, a low viscosity help the triggering of RWI because
the density perturbations induced by the planet are less
smoothed out by diffusion. Following this model, am-
bipolar diffusion is less important in the innermost and
more ionized regions of the disk. This leads to higher
disk viscosity and consequently a larger mass accretion
rate. Interestingly, Zhu & Baruteau (2016) simulations
suggest that the disk-planet interaction might create an
elliptical cavity (e ∼ 0.1 − 0.2) more easily seen in the
dust than in the gas emission. Moreover, the vortex is
located closer to the star compared to the other side of
the ring. This scenario is consistent with our observa-
tions and might explain the cavity shape without placing
the companion or a planet on an eccentric orbit.
Our analysis indicates that the gas-to-dust ratio at the
center of the dust crescent is ∼ 1.7. This is very close
to the minimum gas-to-dust ratio allowed by theoretical
models which account for the dust feedback on the gas
dynamics. Indeed, as the gas-to-dust ratio approaches
unity, the dust particles, which tend to move at Keple-
rian velocity, will accelerate the sub-keplerian gas. As
discussed in Fu et al. (2014), this generates an instability
that brakes the vortex in smaller dust clumps.
Finally, we note that the concentration of dust par-
ticles toward an azimuthal gas pressure bump, e.g., a
vortex, depends on the dust Stokes number τs, which
can be expressed as (Owen & Kollmeier 2016)
τs ≈
( a
2 mm
)(1 g cm−2
Σg
)(
ρ
3 g cm−3
)
, (7)
where a is the size the dust grains and ρ is the dust
density. If we assume ρ = 1.5 g cm−3 and take for the
gas density the value at the center of the dust crescent
(Table 1), Σg = 1.125 g cm
−2, we obtain that the dust
trapping is the most efficient (τs = 1) for grains of ∼ 4.5
mm. Our observations probe the distribution of dust
particles with a size a ∼ λ/2pi ∼ 0.1 mm, where λ is the
wavelength of the observation. This implies that obser-
vations at longer wavelengths, such as at 3 mm with
ALMA, in addition to be more optically thin and bet-
ter probe the disk density, should show a more compact
concentration of dust particles. They might also tell if
the dust crescent observed in the HD 142527 disk is a
single coherent structure or consists instead of smaller
clumps. An even higher dust concentration should be
detected at cm wavelengths. So far, the only observa-
tions of HD142527 at wavelengths longer than 0.8 mm is
a 9 mm continuum image obtained with the Australian
Compact Array (ATCA) (Casassus et al. 2015). This
image suggests indeed that millimeter size particles are
more concentrated than sub-millimeter dust grains, but
the low sensitivity of ATCA observations does not allow
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to study in details the spatial distribution of the larger
particles.
6. CONCLUSION
We presented new ALMA observations of the
HD 142527 system which resolve the 0.88 mm dust con-
tinuum, 13CO J=3-2, and C18O J=3-2 line emission on a
spatial scale of about 30-40 AU. By analyzing the mor-
phology and kinematics of the gas and dust emission,
and comparing the observations with theoretical disk
models, we have reached the following conclusions:
1. HD 142725 circumbinary disk has a prominent
horseshoe structure in the dust emission but much
more azimuthally symmetric when observed in CO
emission lines. We have pointed out that this
is partially due to the procedure usually adopted
to image molecular lines. In particular, we have
demonstrated that continuum subtracted images
of optically thick lines such as 13CO J=3-2 may
be misleading because a large fraction of the line
emission is removed by the continuum subtraction
if both line and continuum are optically thick.
This explains the observed anti-correlation be-
tween dust and gas in HD 142527, without requir-
ing any chemical or physical effect. We argue that
continuum subtraction might also be the origin for
the anticorrelation between dust and gas emission
observed in Oph IRS 48, SAO 206462, and SR 21.
2. We have discovered a compact source of dust con-
tinuum and CO emission inside the dust depleted
cavity at about 50 AU from the primary star
(source c). We argue that these emission might
originate from material orbiting around a possible
third object in this system. Future ALMA obser-
vations at higher angular resolution are required
to better constrain the nature of this source.
3. We compared the radial profile of the dust and
CO emission to theoretical disk models to con-
strain the radial distribution of the circumstellar
material. We found that along the direction inter-
secting the maximum of the dust emission (north
direction), both dust and CO are well explained by
Gaussian profiles centered at 185 AU from the pri-
mary star. However, we find that the profile of the
dust distribution is about a factor of 2 narrower
than that of the gas. This result confirms that the
observed horseshoe structure acts as a radial trap
for millimeter size grains. Along the direction that
intersect the minimum of the dust emission (south
direction), we find that a double Gaussian profile
is required to reproduce the observations. We ar-
gue that the innermost Gaussian might probe the
innermost part of the spiral density wave observed
at larger distances in the CO emission.
4. The comparison with theoretical models also in-
dicates that the dust and CO densities vary by
a factor of 54 and 3.75, respectively, between the
minimum and maximum of the emission along the
horseshoe structure. As a consequence, we mea-
sure a gas-to-dust ratio of 1.7 at the center of
the dust crescent. This is close to the minimum
gas to dust ratio allowed by theory before the
back-reaction of dust grains affects the gas dynam-
ics practically breaking the pressure bump apart.
The large difference between the dust and gas az-
imuthal distribution indicates that the horseshoe
structure traps dust particles azimuthally, as well
as radially. Our analysis also indicates that the
mean value of the gas-to-dust ratio across this cir-
cumbinary disk is between 3 and 5. This is much
less than the typically assumed value of 100, sug-
gesting that HD 142527 is more evolved that usual
protoplanetary disks.
Y.B. and A.I. acknowledge support from the NASA
Origins of Solar Systems program through award
NNX15AB06G. A.I. acknowledges support from the
NSF Grant No. AST-1535809. E.W. acknowledges
support from the NRAO Student Observing Sup-
port Grant No. AST- 0836064. J.M.C. acknowl-
edges support from the National Aeronautics and
Space Administration under Grant No. 15XRP15
20140 issued through the Exoplanets Research Program.
This paper makes use of the following ALMA data
[ADS/JAO.ALMA2012.1.00725.S]. ALMA is a partner-
ship of ESO (representing its member states), NSF
(USA) and NINS (Japan), together with NRC (Canada)
and NSC and ASIAA (Taiwan) and KASI (Repub-
lic of Korea), in cooperation with the Republic of
Chile. The Joint ALMA Observatory is operated
by ESO, AUI/NRAO and NAOJ. The National Ra-
dio Astronomy Observatory is a facility of the Na-
tional Science Foundation operated under cooperative
agreement by Associated Universities, Inc. This work
has also made use of data from the European Space
Agency (ESA) mission Gaia(http://www.cosmos.esa.
int/gaia), processed by the Gaia Data Processing
and Analysis Consortium (DPAC, http://www.cosmos.
esa.int/web/gaia/dpac/consortium). Funding for
the DPAC has been provided by national institutions, in
particular the institutions participating in the Gaia Mul-
tilateral Agreement. The description of the Gaia mission
is described in Gaia Collaboration et al. (2016b) and the
data release 1 in Gaia Collaboration et al. (2016a).
Software: CASA (v4.3.10), RADMC-3D (Dulle-
19
mond 2012) Facility: ALMA
REFERENCES
Acke, B., & van den Ancker, M. E. 2004, A&A, 426, 151
Adams, F. C., & Watkins, R. 1995, ApJ, 451, 314
Anders, E., & Grevesse, N. 1989, GeoCoA, 53, 197
Andrews, S. M., Wilner, D. J., Espaillat, C., et al. 2011, ApJ,
732, 42
Avenhaus, H., Quanz, S. P., Schmid, H. M., et al. 2014, ApJ,
781, 87
Artymowicz, P., & Lubow, S. H. 1994, ApJ, 421, 651
Barge, P., & Sommeria, J. 1995, A&A, 295, L1
Beckwith, S. V. W., & Sargent, A. I. 1993, ApJ, 402, 280
Biller, B., Lacour, S., Juha´sz, A., et al. 2012, ApJL, 753, L38
Blum, J., & Wurm, G. 2008, ARA&A, 46, 21
Brauer, F., Dullemond, C. P., & Henning, T. 2008, A&A, 480,
859
Brown, J. M., Blake, G. A., Dullemond, C. P., et al. 2007, ApJL,
664, L107
Bruderer, S., van der Marel, N., van Dishoeck, E. F., & van
Kempen, T. A. 2014, A&A, 562, A26
Canovas, H., Me´nard, F., Hales, A., et al. 2013, A&A, 556, A123
Casassus, S., Perez M., S., Jorda´n, A., et al. 2012, ApJL, 754,
L31
Casassus, S., van der Plas, G., M, S. P., et al. 2013, Nature, 493,
191
Casassus, S., Marino, S., Pe´rez, S., et al. 2015, ApJ, 811, 92
Casassus, S., Wright, C. M., Marino, S., et al. 2015, ApJ, 812,
126
Casassus, S. 2016, PASA, 33, e013
Christiaens, V., Casassus, S., Perez, S., van der Plas, G., &
Me´nard, F. 2014, ApJL, 785, L12
Close, L. M., Follette, K. B., Males, J. R., et al. 2014, ApJL,
781, L30
Dodson-Robinson, S. E., & Salyk, C. 2011, ApJ, 738, 131
Dullemond, C. P. 2012, Astrophysics Source Code Library,
ascl:1202.015
Dutrey, A., di Folco, E., Guilloteau, S., et al. 2014, Nature, 514,
600
Espaillat, C., Muzerolle, J., Najita, J., et al. 2014, Protostars
and Planets VI, 497
Fu, W., Li, H., Lubow, S., Li, S., & Liang, E. 2014, ApJL, 795,
L39
Fujiwara, H., Honda, M., Kataza, H., et al. 2006, ApJL, 644,
L133
Fukagawa, M., Tamura, M., Itoh, Y., et al. 2006, ApJL, 636,
L153
Fukagawa, M., Tsukagoshi, T., Momose, M., et al. 2013, PASJ,
65,
Fung, J., Shi, J.-M., & Chiang, E. 2014, ApJ, 782, 88
Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2016,
A&A, 595, A2
Gaia Collaboration, Prusti, T., de Bruijne, J. H. J., et al. 2016,
A&A, 595, A1
Garcia Lopez, R., Natta, A., Testi, L., & Habart, E. 2006, A&A,
459, 837
Haisch, K. E., Jr., Lada, E. A., & Lada, C. J. 2001, ApJL, 553,
L153
Isella, A., Natta, A., Wilner, D., Carpenter, J. M., & Testi, L.
2010, ApJ, 725, 1735
Isella, A., Pe´rez, L. M., & Carpenter, J. M. 2012, ApJ, 747, 136
Isella, Andrea; Prez, Laura M.; Carpenter, John M.; Ricci, Luca;
Andrews, Sean; Rosenfeld, Katherine, 2013, ApJ, 775, 30
Isella, A., Chandler, C. J., Carpenter, J. M., Pe´rez, L. M., &
Ricci, L. 2014, ApJ, 788, 129
Kataoka, A., Okuzumi, S., Tanaka, H., & Nomura, H. 2014,
A&A, 568, A42
Kataoka, A., Tsukagoshi, T., Momose, M., et al. 2016, ApJL,
831, L12
Lacour, S., Biller, B., Cheetham, A., et al. 2016, A&A, 590, A90
Li, H., Finn, J. M., Lovelace, R. V. E., & Colgate, S. A. 2000,
ApJ, 533, 1023
Li, H., Colgate, S. A., Wendroff, B., & Liska, R. 2001, ApJ, 551,
874
Lovelace, R. V. E., Li, H., Colgate, S. A., & Nelson, A. F. 1999,
ApJ, 513, 805
Lyra, W., & Lin, M.-K. 2013, ApJ, 775, 17
Lyra, W., Turner, N. J., & McNally, C. P. 2015, A&A, 574, A10
Marino, S., Perez, S., & Casassus, S. 2015, ApJL, 798, L44
Mendigut´ıa, I., Fairlamb, J., Montesinos, B., et al. 2014, ApJ,
790, 21
Montesinos, M., Perez, S., Casassus, S., et al. 2016, ApJL, 823,
L8
Mittal, T., & Chiang, E. 2015, ApJL, 798, L25
Muto, T., Tsukagoshi, T., Momose, M., et al. 2015, PASJ, 67,
122
Nakagawa, Y., Sekiya, M., & Hayashi, C. 1986, Icarus, 67, 375
Ohashi, N. 2008, Ap&SS, 313, 101
Owen, J. E., Ercolano, B., & Clarke, C. J. 2011, MNRAS, 412, 13
Owen, J. E., & Kollmeier, J. A. 2016, arXiv:1607.08250
Panagia, N., & Felli, M. 1975, A&A, 39, 1
Papaloizou, J., & Pringle, J. E. 1977, MNRAS, 181, 441
Pe´rez, L. M., Isella, A., Carpenter, J. M., & Chandler, C. J.
2014, ApJL, 783, L13
Perez, S., Casassus, S., Me´nard, F., et al. 2015, ApJ, 798, 85
Pie´tu, V., Dutrey, A., Guilloteau, S., Chapillon, E., & Pety, J.
2006, A&A, 460, L43
Pinilla, P., Birnstiel, T., Ricci, L., et al. 2012, A&A, 538, A114
Pinilla, P., Benisty, M., & Birnstiel, T. 2012, A&A, 545, A81
Pinte, C., Dent, W. R. F., Me´nard, F., et al. 2016, ApJ, 816, 25
Pollack, J. B., Hollenbach, D., Beckwith, S., et al. 1994, ApJ,
421, 615
Qi, C., D’Alessio, P., O¨berg, K. I., et al. 2011, ApJ, 740, 84
Rameau, J., Chauvin, G., Lagrange, A.-M., et al. 2012, A&A,
546, A24
Rega´ly, Z., Juha´sz, A., Sa´ndor, Z., & Dullemond, C. P. 2012,
MNRAS, 419, 1701
Rodigas, T. J., Malhotra, R., & Hinz, P. M. 2014, ApJ, 780, 65
Soon, K.-L., Hanawa, T., Muto, T., Tsukagoshi, T., & Momose,
M. 2017, arXiv:1701.06706
Strom, K. M., Strom, S. E., Edwards, S., Cabrit, S., & Skrutskie,
M. F. 1989, AJ, 97, 1451
Taki, T., Fujimoto, M., & Ida, S. 2016, A&A, 591, A86
Tazaki, R., Tanaka, H., Okuzumi, S., Kataoka, A., & Nomura,
H. 2016, ApJ, 823, 70
van der Marel, N., van Dishoeck, E. F., Bruderer, S., et al. 2013,
Science, 340, 1199
van der Marel, N., van Dishoeck, E. F., Bruderer, S., Pe´rez, L.,
& Isella, A. 2015, A&A, 579, A106
van der Plas, G., Casassus, S., Me´nard, F., et al. 2014, ApJL,
792, L25
Verhoeff, A. P., Min, M., Pantin, E., et al. 2011, A&A, 528, A91
Weidenschilling, S. J. 1977, MNRAS, 180, 57
Whipple, F. L. 1972, From Plasma to Planet, 211
Zhang, Ke; Isella, Andrea; Carpenter, John M.; Blake, Geoffrey
A., 2014, ApJ, 791, 42
20
Zhu, Z., Nelson, R. P., Hartmann, L., Espaillat, C., & Calvet, N.
2011, ApJ, 729, 47
Zhu, Z., Nelson, R. P., Dong, R., Espaillat, C., & Hartmann, L.
2012, ApJ, 755, 6
Zhu, Z., & Baruteau, C. 2016, MNRAS, 458, 3918
Zhu, Z., & Stone, J. M. 2014, ApJ, 795, 53
Zsom, A., Ormel, C. W., Gu¨ttler, C., Blum, J., & Dullemond,
C. P. 2010, A&A, 513, A57
APPENDIX
A. DUST SCATTERING
Radiative transfers and ray tracing performed on protoplanetary disks at millimeter wavelengths generally take into
account the absorbing and emitting properties of the dust grains but neglect scattering. Recent observations of the
circumbinary disk HD 142527 with ALMA by Kataoka et al. (2016) suggest that the detected polarized light might
however come from thermal emission scattered by the dust grains themselves. Also, Kataoka et al. (2014) proposed
that measuring the polarization degree in protoplanetary disks would bring additional constraints, along with the
emission index β, on the dust grains size and porosity. However, the scattering opacity and phase function depend
strongly on the chemical composition and internal structure of millimeter-size grains (Tazaki et al. 2016) which are
largely uncertain. Consequently, it is difficult to properly investigate the effect of dust scattering on millimeter-wave
continuum images.
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Figure A1. Radial cut along the north and south profiles at PA = 16◦-26◦ and 216◦-226◦, respectively. The black crosses
represent our observations. The red solid line is our prescription using no scattering, the green dashed line corresponds to κs =
κa, and the blue dotted line to κs = 10κa.
As a simple approach, we show in Figure A1 three models of the radial profile of the continuum emission along the
north and south directions which assume an isotropic scattering phase function and a scattering opacity κs equal to
0, 1 and 10 times the absorption opacity κa at the same wavelength. The dust radial distribution is given by our
prescription which follows eq. 4 and the values in Table 1. The models without scattering are indicated by the red solid
lines and are equal to those shown in Figure 10. The blue dotted lines indicate the case κs = 10 κa which is similar to
that presented in M15. In this case, the scattering has a strong effect on the radial profile along the north direction,
which is optically thick, with a drop of 30% in the maximum intensity. On the south profile, which is optically thin,
the intensity only changes by 7% or less. Our results are in agreement with those of Soon et al. (2017) who were
not able to reproduce ALMA cycle 0 data of HD 142527 with large scattering opacities due to the decrease of the
maximum intensity, but instead used κs ∼ κa. For this reason, we also represent the case κs = κa, in green dashed
lines, and only find minor changes in flux within 5%. This demonstrates that using moderate scattering opacities does
not have important effects, at least with an isotropic phase function, in the determination of the dust surface density.
